Quench propagation velocity in conductors having a large amount of stabilizer outside the multifilamentary area is considered. The current redistribution process between the multifilamentary area and the stabilizer can strongly affect the quench propagation. A criterion is derived determining the conditions under which the current redistribution process becomes significant, and a model of effective stabilizer area is suggested to describe its influence on the quench propagation velocity. As an illustration, the model is applied to calculate the adiabatic quench propagation velocity for a conductor geometry with a multifilamentary area embedded inside the stablizer.
in a relatively high local value of Joule heating, leading to high quench propagation velocity.
This paper: 1, considers the case where the quench propagation is affected by the current redistribution process; 2, introduces the characteristic velocity at which this process becomes significant; 3, provides a model of effective stabilizer area for fast quench propagation; and 4, presents a transcendental equation for the quench propagation velocity in highly stablized conductors.
Concept of highly stabilized conductor
Most of the papers on quench propagation velocity consider the current redistribution process as instantaneous (see the review in reference 6). To discuss the applicability of this assumption, let us estimate the characteristic times of the phenomena involved. The current redistribution time, t~, may be estimated as ~,j2 
Here d, A, and P. are the effective thickness, the crosssectional area and the contact perimeter of the stabilizer
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(see Figure 1) , and p, is the resistivity of the stabilizer.
The characteristic time ` associated with the quench propagation, tp, is given by Here To is the coolant temperature, T~ is the critical temperature at the given field and zero current and i is the dimensionless current defined as
where v is the quench propagation velocity and L is the thickness of the zone where the quench-driving heat release occurs. In other words, L is the thickness of the region, in the vicinity of the transition front from the resistive to the superconducting state, where the Joule heating determining the propagation velocity takes place.
In this paper, we shall represent the power of the Joule heating in the superconductor as a step function of temperature. In other words, we shall assume that the Joule heating is equal to zero for temperatures below a certain temperature, Tt, and is non-zero above Tt. In the following, we shall represent Tt by i (i),
Contact Perimeter where I is the transport current and Ic is the critical current at the given field and To. It was shown 7 that Equation (4) leads to satisfactory results when computing the quench propagation velocity. In most cases of practical interest, the cooling conditions are weak. Then L is determined by the thermal diffusion along the conductor and can be estimated as 6
Cv where k and C are the thermal conductivity and the heat capacity per unit volume averaged over the conductor cross-section, and taken at the given field and Tt. Thus, the current redistribution process can be considered as instantaneous only if the dimensionless parameter z = td/tp is less than one. Using Equations (1)- (3) and (6), it is convenient to rewrite r as
r --kp~ where we have introduced the characteristic velocity v c defined as
Vc= \ 0c; = Z\Lc;
As an illustration, let us estimate Vc for the case of an aluminium superstabilized conductor 8. Using the data in Table 1 and Equation (8), one obtains v c ~ 0.7 m s -~. These values appear to be of the same order of magnitude or even less than the quench propagation velocities measured experimentally. It follows from the preceding discussion that actual conductors can exhibit quench propagation velocities larger than vc. In these cases, the dimensionless parameter r is larger than one and the current redistribution has to be taken into account while calculating v. The conductors where values of v occur that are of the order of, or higher than, vc will be defined as highly stabilized.
Criterion of highly stabilized conductor
Let us first consider the case of instantaneous current redistribution. The quench propagation velocity is determined by the Joule heating in the vicinity of the transition front. The thickness of this region is L and the power of the quench-driving heat release, q, can be written as
where p is the longitudinal electrical resistivity of the conductor, defined as
Ap.p~ p-(lO)

A, ps + AsPn
In Equation (10), A is the conductor cross-sectional area, and As and Ps are the cross-sectional area and the resistivity of the multifilamentary area. While deriving Equation (9) Table 1 and Equation (14), one obtains Vm 13 m s -I. As we can see, for actual conductors, the value of v m can be much higher than the value of v c. In these cases, the current redistribution process has to be taken into account while calculating the quench propagation velocity.
For adiabatic cooling conditions, a criterion defining highly stabilized conductors may be derived by comparing Vm and v~. Let us define the dimensionless parameter/3 \v~ / Then, a highly stabilized conductor is a conductor with /3 larger than one. Combining Equations (8) and (14) leads to the following criterion /3=E(~n) 2 ~'°1~ zl 
Model of effective stabilizer area
Let us now consider the case where the current redistribution has to be taken into account while calculating the quench propagation velocity, i.e. v > vc. Then, in the vicinity of the transition front, the current remains confined to a certain fraction of stabilizer around the multifilamentary area, leading to non-uniform quench-driving heat release. The crosssectional area occupied by the current is determined by the ratio, r, of the characteristic times associated with the current redistribution and the quench propagation. The larger r, i.e the larger the ratio of v to vc, the smaller the fraction of stabilizer where the current has diffused.
On the other hand, as we mentioned before, in most cases of practical interest the cooling is weak, i.e. the thermal conductivity of the stabilizer and h is the heat transfer coefficient to the coolant. In particular, for the superstabilized conductor considered above, and for h = 103 W m-3~ we obtain Bi = 0.006, which appears to be much smaller than one.
At the same time, the dimensionless ratio, tS, of the transverse thermal diffusivity, Dt=kt/C, to the magnetic flux diffusivity, D m = pn//X0, is much larger than one, i.e. o, k,
For example, for the superstabilized conductor considered above, 6 ~-l0 s, which is much larger than one. It results from Equations (17) and (18) that the temperature is uniform over the conductor cross-sectional area, even if the heat release is non-uniform. As the temperature is uniform over the conductor cross-sectional area, we shall treat the temperature distribution as one-dimensional, depending only on the coordinate along the conductor. The main difference between highly stabilized and conventional conductors is thus the non-uniformity in the quench-driving heat release. To find the exact expression of the Joule heating, we should solve the system of Maxwell's and heat diffusion equations. For most cases of practical interest, this cannot be done analytically and is a complicated problem for numerical analysis.
In this paper, we shall calculate the Joule heating by considering that the current is uniformly redistributed between the multi filamentary area and a certain area of the stabilizer, which we shall introduce as an effective area, Aef f. As the fraction of the stabilizer where the current has diffused depends on the quench propagation velocity, the effective area of the stabilizer is determined by the ratio v/vc, i.e.
heft: A,f(~) (19)
To find an expression for f, let us first discuss its asymptotic behaviour for small and large values of v/v c. When the ratio v/vc is small, the current redistribution process is almost instantaneous and the current occupies the whole stabilizer cross-sectional area. This means that Aeff tends towards A, and
On the other hand, when the ratio v/v c is large, the current only diffuses into a thin layer of stabilizer, l, and the current redistribution process can be treated as in the case of a semi-infinite slab of stabilizer. Then, l is determined by the magnetic flux diffusion length for a characteristic time of the order of t v 
Thus, we shall calculate the quench-driving heat release by considering that the stabilizer cross-sectional area is equal to A~ff as given by Equations (19) and (24).
Adiabatic quench propagation velocity for highly stabilized conductors
In this section, we shall apply the above model of effective stabilizer area to the computation of the adiabatic quench propagation velocity. To do this, we have to calculate the quench-driving heat release. In the case of adiabtic cooling conditions, it is given by Equation (9), where the expression of p is given by Equation (10). Then, substituting A, by A~ff in Equation (10), and combining Equations (9) and (10), it follow that
where we have replaced L by Equation (6). An equation determining v can be derived by equating Equations (25) and (12), and replacing Aeff by Equation (19). It then follows that
Equation (26) is similar to the equation derived in reference 9, the solutions of which were shown to be in good agreement with experimental data 8. Let us now qualitatively discuss the dependence of the quench propagation velocity on the transport current. When the ratio v/v c is small, the current occupies the whole cross-sectional area of the stabilizer, i.e. f--~ 1. In this case, and as expected, the dependence of v on I coincides with that given by Equation (14). Let us note that Equation (14) gives the lower limit of the quench propagation velocity.
When the ratio V/Vc is large, f= vJv. It follows from Equation (26) that the dependence of v on I is given by the solution of the following second order equation
kpr
where we assumed r >> 1.
To illustrate these results, Figure 2 shows plots of the quench propagation velocity as a function of the dimensionless current, i, for the superstabilized conductor considered above. The solid line represents the velocity calculated by the combination of Equations (24) and (26), which takes into account the current redistribution process. The dashed line represents the velocity calculated by means of Equation (14), which assumes an instantaneous current redistribution. As can be seen in Figure 2 , the difference in the results can be up to eight times. Note that the solution of the approximate equation (27) practically coincides with the solution of the complete Equation (26) for the whole range of quench propagation velocities larger than vc. Figure 3 shows a plot of the dimensionless ratios Aeff/A n and In/l as a function of the dimensionless current, i. It can be seen that, even for relatively low values of effective stabilizer area, i.e. Aeff/A. < 0.01, more than 40% of the transport current is still flowing in the stabilizer.
Conclusions
For conductors having a large amount of stabilizer outside the multifilamentary area, the current redistribution process has to be taken into account when calculating quench propagation velocity. To do so, we developed a model of effective stabilizer area. We applied this model to the case of weak cooling conditions and to a conductor geometry where the multifilamentary area is embedded inside the stabilizer. We derived a transcendental equation, Equation (26), which determines the quench propagation velocity. 
